Effects of temperature stimuli on plasma glucagon levels were studied in fasted(18hr
Glucagon has been recognized as a hormone secreted to meet energy need, because plasma glucagon levels rise during prolonged exercise,fasting (UNGER and ORCHI 1976) and temnerature acclimation (KUROSHIMA et al.,19781.Glu- cagon has also been shown to be rapidly released in response to various stressful conditions such as pain,fear and pyrexia which concomitantly induces hyperglycemia (BLOOM et al.,1973 Blood samples were obtained by decapitation into the heparinized beakers. Plasma glucagon was measured by radioimmunoassay (HENQuiN et al.,1974) by the use of antiserum 30 K.Blood free fatty acid(FFA)was measured by the method of ITAYA and UI(1965) ,blood glucose by the anthrone reagent method (RoE,1955) ,and blood glycerol by the enzymatic method of LAURELL and TIBBLING (1966 Table 1 summarizes the changes in blood metabolites observed concurrently with those in plasma glucagon.Cold exposure caused a significant decrease in the blood glucose level as previously reported (KUROSHIMA et al.,1977) ,while heat exposure did not significantly affect the blood glucose level,though it tended to increase.Both blood FFA and glycerol concentrations increased significantly on exposure to cold.Blood glycerol rose significantly, but blood FFA was not changed on exposure to heat.FFA/glycerol molar ratio decreased significantly to a similar extent in both cold-and heat-exposed rats.However,the increment of blood glycerol level was significantly higher in the cold-exposed rats(280% of basal level)than in the heat-exposed ones(137% of basal level)(p<0.001).
As seen in Figs 2 and 3,plasma glucagon levels were positively correlated with blood FFA as well as glycerol levels.Furthermore,an inverse correlation was observed between plasma glucagon level and FFA/glycerol molar ratio in all experimental rats (Fig.4) .
In another series of experiment the effect of acute cold exposure was examined in the cold-acclimated rats as well as the controls (Fig.5) Blood glucose level was decreased on cold exposure in the controls as shown in Table 2,while it was not affected in the cold-acclimated rats.Both blood
The rise of blood FFA was slightly greater in the controls(p<0.05),but blood glycerol level rose to a similar extent in both groups of rats.FFA/glycerol molar ratio was significantly decreased,but the extent of decrease did not differ between the groups.A significant inverse correlation between plasma glucagon and FFA/ glycerol molar ratio was seen in the controls (Fig.6A) ,while the correlation was not significant in the cold-acclimated rats (Fig.6B) .
Hematocrit was increased significantly on cold exposure in the controls (Tables 1 and 2 ),but was not changed in the cold-acclimated rats( Legends same as in Table 1 .
DISCUSSION
The present study has proven that stressful stimuli of both heat and cold elicit marked elevation of plasma glucagon level,possibly resulting from increased release of this hormone.It has been reported previously that stressful stimuli such as trauma,infection and fear cause the consistent rise of plasma glucagon levels,followed by the concomitant rise of blood glucose levels (BLOOM et al., 1973; UNGER and ORCHI,1976) .These results strongly suggest that glucagon is rapidly released in response to various stressful stimuli in order to meet the energy need of stressful conditions.However,the thermal stimuli such as heat and cold do not induce hyperglycemia as was observed here,while other stressful stimuli cause hyperglycemia together with hyperglucagonemia.It is well known and heat-exposed groups,indicating an increased utilization of FFA in both groups,blood glycerol as well as FFA level rose much higher in the former group. This finding suggests greater mobilization as well as utilization of FFA in the cold-exposed animals.Accordingly,it might be inferred that cold exposure stimulates the greater utilization of metabolic fuels such as glucose and FFA under the increased glucagon secretion in order to maintain body temperature,although heat exposure also may affect the substrate metabolism.The previous studies from our laboratories have suggested that glucagon would be involved in the temperature acclimation through its metabolic action especially on lipid metabolism (KUROSHIMA et al.,1978 KUROSHIMA and YAHATA,1979) .The present study further indicated a specific role of this hormone in body temperature regulation in acute cold exposure.
In connection with suppressed response of plasma glucagon to cold in the cold-acclimated rats (Fig.5) ,it is interesting to refer to the report that the coldacclimated rats respond to cold stimulus with less increase of plasma noradrenaline level than the warm-acclimated controls (DEPOCAS and BEHRENS,1978) .It is definitely established that cold acclimation effects an increased ability to produce heat by nonshivering thermogenesis characterized by an increased responsiveness to noradrenaline which is a major factor regulating nonshivering thermogenesis (CHAFFEE and ROBERTS,1971) .Less cold-induced increase of plasma noradrenaline in the cold-acclimated animals may be explained by an increased responsiveness of target tissues to this neurohormone.Less response of plasma glucagon to cold observed in the present study seems to indicate that a mechanism involved in the modified respose of noradrenaline is also the case in the glucagon response.Calorigenic action of glucagon was reported to be potentiated in the white adipocytes in vitro and in the brown adipose tissue in vivo (KUROSHIMA et al.,1980) in the cold-acclimated rats.Hence,less increase of plasma glucagon level on cold exposure in the cold-acclimated rats may be attributable to their enhanced metabolic responsiveness to humoral factors such as glucagon and noradrenaline which are responsible for nonshivering thermogenesis.
It has been frequently described that an elevation of blood FFA level during cold exposure is smaller in the cold-acclimated animals (KUROSHIMA et al.,1974 (KUROSHIMA et al., ,1977 .This was also observed in the present study (Table 2) .Such findings could be explained by either a decreased mobilization or an increased utilization of FFA.Since the increase of blood glycerol level during cold exposure was similar in both control and cold-acclimated rats,it is surmised that the lipolytic response to cold did not differ between the groups.Noradrenaline caused a marked thermogenesis in the cold-acclimated rats with less elevation of plasma FFA level due to a greater turnover rate of this substrate (MORIYA et al.,1974) . These results appear to hold the view that the lower response of blood FFA to cold is associated with greater utilization of FFA for cold-induced nonshivering PLASMA GLUCAGON LEVELS IN HEAT AND COLD thermogenesis potentiated by cold acclimation. As seen in Table 2 and Fig.6 ,there is no significant difference in FFA/ glycerol molar ratio between the controls and cold-acclimated rats and no significant correlation between plasma glucagon and FFA/glycerol ratio in the coldacclimated animals.It is likely that these findings result from the increased utilization of glycerol as well as FFA in the cold-acclimated animals. Increased capacity of gluconeogenesis has been shown to be the major changes in carbohydrate metabolism associated with cold acclimation (CHAFFEE and ROBERTS,1971) and the rate of gluconeogenesis from glycerol in the kidney has been proven to be considerably accelerated in the cold-acclimated rats.Therefore,blood level of glycerol may not necessarily serve as a better index of lipolysis than blood FFA during cold exposure in the cold-acclimated animals,since an enhanced utilization of glycerol would lower its blood level. Moreover,FFA/glycerol molar ratio also would not give a valid estimate of FFA utilization, inasmuch as concomitantly increased utilization of both FFA and glycerol would result in less elevations of these substrates during cold exposure in the cold-acclimated animals.
Reduced blood glucose level on cold exposure in the warm-acclimated rats may result from an accelerated utilization and small reserve of glucose in the body.Such cold-induced reduction of blood glucose has never been observed in the cold-acclimated rats (KUROSHIMA et al.,1974 (KUROSHIMA et al., ,1977 .The reason for this difference is possibly due to an enhanced gluconeogenesis which would compensate for an accelerated use of glucose on exposure to cold in the cold-acclimated rats (CHAFFEE and ROBERTS,1971) .
